Introduction
Nanotechnology is considered a key enabling technology in the European Union (EU) and nanomaterials are present in almost any industrial sector including chemicals, energy, consumer products, health, and the environment. In line with the growing interest in nano-applications, concerns have been raised regarding the potential risks and safety of nanomaterials, as their behavior and properties can be distinct compared to other chemicals and substances. Continuous efforts have been carried out for their risk assessment and to address nanomaterials in the relevant horizontal and sector-specific legislations [1] .
Recently updated product-specific EU legislations explicitly address nanomaterials, including nanomaterial-specific information requirements, authorization of nanomaterials for specific uses, and a
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Materials
Ultrapure water (18. 2 mΩ·cm at 21.5 • C) was obtained from a Millipore Element apparatus (Millipore, Milford, MA, USA) and used throughout the work. ReagentPlus sodium dodecyl sulfate (SDS) with 98.5% purity and Alcian Blue 8GX powder were purchased from Sigma-Aldrich (St. Louis, MO, USA). Nitric acid (67-69%) of PlasmaPURE quality and single element PlasmaCAL standards of gold (Au), aluminum (Al) , rhodium (Rh), silicon (Si), and titanium (Ti) at 1 mg/mL were obtained from SCP Science (Quebec, Canada). Fisherbrand FL-70 Concentrate (FL-70) was acquired from Fisher Scientific (Pittsburgh, MA, USA). For HDC experiments, sodium dodecyl sulfate (SDS), Brij L23, Triton X-100, and penicillamine were purchased from Alfa Aesar, Karlsruhe, Germany; NaOH (p.a.) and citrate-stabilized gold nanoparticles were supplied by Sigma-Aldrich, Schnelldorf, Germany; tuning solution containing P25 TiO 2 nanoparticles were obtained from Degussa, Frankfurt, Germany; alpha-Al 2 O 3 from Io-li-tech, Heilbronn, Germany; and 120 nm SiO 2 particles from Nanocomposix, San Diego, CA, USA. Suprapur hydrogen peroxide (30%) and Suprapur hydrofluoric acid (40%) were purchased from Merck (Darmstad, Germany). Nanosphere 3000 Series polystyrene size standards with nominal sizes of 50 nm, 100 nm, and 200 nm (NIST traceable diameters of 51 ± 3 nm, 100 ± 3 nm and 203 ± 5 nm as determined by transmission electron microscopy (TEM) by the supplier) were obtained from Thermo Fischer Scientific (Fremont, CA, USA). All size standards were provided as stable stock aqueous dispersions with an approximate concentration of 1% solids (10 g/L). Gold nanoparticles at 60 nm in nominal diameter (RM8013) were obtained from the National Institute for Science and Technology, NIST (Gaithersburg, MD, USA). The toothpaste sample used in this work was provided by the EU FP7 Project "NanoDefine" [17] . This product was a commercial toothpaste which was sourced directly from a Dutch supermarket (see Table S1 for the list of ingredients). For TEM analysis, TEM Cu grids (carbon supporting films, 200 mesh, Q20459) were acquired from Quantifoil Micro Tools GmbH (Jena, Germany). Polyethersulfone (PES) membranes were purchased from Microdyn-Nadir (Wiesbaden, Germany) and regenerated cellulose (RC) membranes from Wyatt Technology (Dernbach, Germany).
Methods
Total Element Concentration in Toothpaste by ICP-MS
For determining the total concentration of Al, Si, and Ti in the toothpaste by ICP-MS, a chemical digestion procedure with 67-69% nitric acid (HNO 3 ) and 40% hydrofluoric acid (HF) was used. Firstly, a mass of approximately 200 mg of toothpaste was directly weighed into tared Teflon inserts for stainless steel pressure vessels (Berghof GmbH, Eningen, Germany). Secondly, 2 mL of HNO 3 were added followed by 2 mL of HF. The pressure vessels were then placed in an oven (Heraeus Instrument, Hanau, Germany) and heated to 160 • C for 4 h. After cooling to room temperature, the samples were diluted with ultrapure water to a total mass of 20 g. Prior to the measurement by ICP-MS, the samples were further diluted 2000 times with ultrapure water. Three subsamples of toothpaste from the same tube were analyzed in this way. A Triple Quadrupole ICP-MS (Agilent 8800 ICP-QQQ-MS, Santa Clara, CA, USA) equipped with a MicroMist concentric nebulizer and a Scott type double-pass water-cooled spray chamber was used for analysis. The instrument was operated in MS/MS mode with the reaction gas consisting of hydrogen for Si (measuring 28 Si on-mass) and 10% ammonia in helium for Ti (measuring 48 Ti as the product ion [ 48 Ti( 14 N 1 H 3 ) 6 ] + with m/z 150) with 0.1 s integration time per mass. For Al, no gas mode was used and 27 Al was measured on-mass. Typical plasma conditions were 1550 W RF power, 15 L/min plasma gas, 1.05 L/min carrier gas, and 0 L/min makeup gas. Cell gas flows were 2.2 mL/min for ammonia and 7.0 mL/min for 30% hydrogen in helium. Instrument parameters were optimized by Autotune in the MassHunter software (Agilent, Santa Clara, CA, USA) using a tune solution (1 µg/L Li, Mg, Co, Y, Ce, and Tl, Agilent). The autosampler (ASX-500, Agilent Technologies, Waldbronn, Germany) introduced the samples into the ICP-MS with a sample uptake time of 50 s (0.5 rps) and a stabilization time of 30 s (0.1 rps). Quantification was done by external calibration with an Al/Si/Ti standard mix prepared in 2% v/v nitric acid (HNO 3 ) with internal standardization. Internal standard was added on-line (5 µg/L Sc) via a t-piece using the peristaltic pump.
Particle Size by Dynamic Light Scattering and Zeta Potential by Laser Doppler Velocimetry
For the pre-characterization studies by dynamic light scattering (DLS) and zeta potential measurements, the toothpaste was dispersed in ultrapure water. First, approximately 100 mg of toothpaste were weighted into a 20 mL glass vial. Thereafter, 10 mL of ultrapure water were added to obtain a final concentration of approximately 10 g toothpaste/L ultrapure water. This mixture was then vortexed (MS2 minishaker, IKA-Werke GmbH & Co, Staufen, Germany) at 2500 rpm until no sediment was visible at the bottom (typically after 2 min). The final toothpaste dispersion containing 1 g toothpaste/L ultrapure water was achieved by further dilution (1:10) in ultrapure water followed by vortexing.
DLS and laser Doppler velocimetry were used for obtaining information on the hydrodynamic diameter d h and zeta potential of the particles using a Zetasizer Nano-ZS instrument (Malvern Instruments, Malvern, UK). Prior to the measurement, the instrument was warmed up for at least 30 min. The measurements were carried our using a dust-free disposable cuvette (DTS0012, Malvern Instruments, UK) for the DLS measurement and a disposable zeta cell (DTS1070, Malvern Instruments, UK) for the zeta potential measurement. For the DLS measurements, the measurement volume was 1 mL, the angle of detection was 173 • , and the temperature was 25 • C (achieved following equilibration for 1 min). The measurement position was fixed at the center of the cell/cuvette. The laser power (attenuator index) was determined automatically by the instrument. Five consecutive measurements were performed using a minimum of 11 runs of 10 s each. The DLS characteristics of the measured sample, given as Z-average (Z ave ) (intensity-weighted harmonic mean diameter) and polydispersity index (PDI), were determined by averaging the replicates values (N = 5). For determination of the zeta potential, 700 µL of toothpaste dispersion were transferred to the zeta cell. After 2 min of equilibration to a temperature of 25 • C, three consecutive measurements were performed. The Smoluchowski approximation was used for calculation of the zeta potential. The mean zeta potential of the toothpaste sample was obtained by averaging the replicates values (N = 3).
Evaluation of Particle Size and Morphology by Scanning Transmission Electron Microscopy in Combination with Energy-Dispersive X-ray Spectroscopy
Scanning transmission electron microscopy (STEM) in combination with energy-dispersive X-ray spectroscopy (EDX) mapping was used to evaluate the morphology and size of the particles in the toothpaste sample. For analysis, a toothpaste dispersion (1 g toothpaste/L) was prepared upon chemical oxidation with hydrogen peroxide (see following section) in order to remove most of the organic components of the toothpaste matrix. Prior to use, the TEM grids were treated with a solution of 1% (w/w) Alcian Blue to obtain a positive surface charge. After sample preparation, the toothpaste dispersion was further diluted 10 times with ultrapure water. Thereafter, 10 µL of the diluted toothpaste dispersion were deposited onto the Alcian Blue-treated TEM grids using high-speed centrifugation (15,000× g relative centrifugal force for 1 h). Images were taken with a FEI Talos 200 kV TEM with a high angle annular dark field (HAADF) detector in STEM mode. The images scanned by STEM were then mapped by chemical composition (Al, O, Si, T) using the EDX detector.
Particle Size and Concentration by AF4 Coupled to Multiple Detectors
Two sample preparation procedures for AF4 were tested: two-step dilution with ultrapure water and 0.1% w/w SDS (method 1) and chemical oxidation with hydrogen peroxide (H 2 O 2 ) followed by dilution with 0.1% w/w SDS (method 2). For preparing the samples by method 1, approximately 100 mg of toothpaste were weighed into a disposable Wheaton screw cap glass vial (diameter 15 mm, height 46 mm, volume 4 mL, cap 13-425, MG5, Anton Paar, Lab Support, Hillerød, Denmark). A volume of 3 mL of ultrapure water was added and the mixture was vortexed until no sediment was visible at the bottom (typically for 2 min). Afterwards, a volume of 300 µL of dispersion was taken, diluted to a final mass of 10 g with 0.1% w/w SDS (corresponding to a toothpaste concentration in the resulting dispersion of approximately 1 mg toothpaste/mL) and vortexed again. For preparing the toothpaste dispersions by method 2, approximately 100 mg of toothpaste were weighted again into a glass vial. A volume of 3 mL of 30% H 2 O 2 was added with a pipette and this mixture was vortexed as in method 1. A volume of 300 µL of the toothpaste-H 2 O 2 mixture was then transferred to another glass vial and subsequently treated in a closed microwave digestion system (Multiwave 3000, Anton Paar, Graz, Austria) equipped with a 64MG5 rotor. The following microwave program was used: step 1-0→200 W (ramp) for 10 min; step 2-200 W for 5 min; step 3-200→500 W (ramp) for 10 min; step 4-500 W for 25 min; step 5-0 W (cooling) for 10 min. The temperature inside the microwave vial was monitored online using an infrared sensor and a maximum temperature of 120 • C was established. Typically, the temperature within the microwave vials reached a maximum of 75 to 85 • C at the beginning of step 4 and remained constant at around those values until step 5 (cooling). After digestion, the sample was left to cool at room temperature. The sample was then transferred to a 15 mL conical polypropylene tube (Sarstedt, Nümbrecht, Germany) and diluted with 0.1% w/w SDS to a total mass of 10 g (corresponding to a toothpaste concentration in the resulting dispersion of approximately 1 mg toothpaste/mL). Thereafter, the sample was vortexed as described above. Prior to injection into the AF4 system, the toothpaste dispersion was typically diluted two times in ultrapure water. The polystyrene size standards used for AF4 channel calibration were prepared by diluting the stock suspensions in ultrapure water to a concentration of 5 mg/L. Before dilution, the stock suspensions were gently mixed by inverting the bottles and dispersed by low power bath sonication (10-15 s), as recommended by the manufacturer.
The AF4 system used in this study consisted of an Agilent 1200 series autosampler (G1329A), a high performance liquid chromatography pump (G1311A) (Agilent Technologies, Santa Clara, CA, USA), an Eclipse 3 AF4 flow control module, and a short channel-type AF4 separation channel (Wyatt Technology Europe GmbH, Dernbach, Germany). The accumulation wall in the AF4 channel was PES membranes (Nadir UP010P) or regenerated cellulose (RC) membranes (Millipore PLGC) with a molecular weight cut-off of 10 kDa. The typically used AF4 separation program is shown in Table 1 . The injection and relaxation of the sample occurs during steps three to five. For injection and relaxation, the stop-flow method was applied using the setup described in [18] . The focus flow rate was typically the same as the selected cross flow rate. An injection flow rate of 0.2 mL/min was selected based on previous experience [18] and injection volumes were in the range of 10 to 50 µL. The channel/spacer height, which is one of the main parameters influencing the separation of particles according to AF4 theory, was kept constant throughout the experiments. A 350 µm spacer height was chosen based on previous work [18] . Since satisfactory recoveries and separation were achieved with these conditions, it was decided to keep these parameters constant throughout method development. The separation of the particles in the sample occurred during step 6 and the cross flow rate was optimized during method development. In step 7, the separation force was removed by setting the cross flow rate to zero to investigate if a fraction of the sample was released (in a "release peak") following strong retention in the channel. In step 8, the injection system including injection loop, injection tubings, and inject port was flushed with carrier liquid to test if a fraction of the sample had remained in the system. The AF4 carrier liquids were produced by dissolving SDS in ultrapure water or by dilution of FL-70 in ultrapure water. Following separation, various detectors were used to collect information about the eluting fractions. A series 1100 diode array detector (Agilent G1315A, DAD) was used to record the absorbance signal at pre-defined wavelengths. Additionally, absorption spectra were recorded in the wavelength range of 191-949 nm (steps of 10 nm) during the separation every 2 s. A DAWN HELEOS (Wyatt Technology Europe GmbH, Dernbach, Germany) MALS detector with 17 observation angles operated with a linear polarized laser light at 658 nm was used to record the light scattering signal. The MALS detector was set to a sampling time interval of 1 s per data point. The detector at angle 90 • was used for light scattering detection of the particles by AF4 (AF4-LS). Data from the light scattering detectors was processed using the ASTRA V software (version 5.3.2.15, Wyatt Technology Corporation, Santa Barbara, CA, USA). The root mean square (rms) diameter was determined using a 3rd order Debye model because of its robustness and fitting capabilities for both spherical and non-spherical particles [10] . Table 1 . Asymmetric flow field-flow fractionation (AF4) separation program (typical conditions).
Step An ICP-MS instrument (ICP-MS 7500ce, Agilent Technologies, Tokyo, Japan) was the final detector. The instrument was equipped with a MicroMist concentric nebulizer and a Scott type double-pass water-cooled spray chamber and was operated without a reaction/collision gas. Typical plasma conditions were 1500 W RF power, 15 L/min plasma gas, 0.83 L/min carrier gas, and 0.25 L/min makeup gas. Internal standard (50 or 10 µg/L Rh) was added on-line via a t-piece using the peristaltic pump. The isotopes 27 Al, 47 Ti, 28 Si, and 103 Rh were monitored with 0.5 s integration time per isotope. Mass calibration was done by post-channel calibration with Al and Ti standard mix solutions (0 µg/L, 2.5 µg/L, 5 µg/L, 7.5 µg/L, and 10 µg/L) in 2% v/v HNO 3 . The standards were injected directly into the AF4 flow prior to the t-piece using a 200 µL manual injection loop (Rheodyne, Cotati, CA, USA). Baseline corrections were performed on all fractograms, and peak areas were determined using the Peak Analyzer in OriginPro 9.0.0 (OriginLab Corporation, MA, USA). The intensity signals were all normalized to the internal standard ( 103 Rh) in order to compensate for variations in the ICP-MS sensitivity. For determining retention time values (at peak maximum), linear regression, non-linear peak fitting, and signal smoothing the same software was used. For evaluating the separation between void and main peak, peak resolution R s was determined according to the following equation [19] :
where t r,1 and t r,2 are the retention times associated with peak maxima of the void and main peak respectively. w 1 and w 2 are the corresponding baseline widths of the peaks. For determination of R s , the peaks were fitted with a Gaussian function. The mass-based PSDs were determined after conversion of the retention time to hydrodynamic diameter based on size calibration with polystyrene size standards. To obtain the number-based PSD the particle mass concentrations were converted to particle number concentrations by assuming spherical α-Al 2 O 3 and TiO 2 (anatase) particles with a density of 3.9 g/cm 3 each [20] , and using the following equation:
where c n is the particle number concentration, c m is the particle mass concentration, ρ the density of the particle, and d the (hydrodynamic) diameter of the particle. The Al 2 O 3 and TiO 2 particle mass concentrations were calculated from the Al and Ti mass concentrations by multiplying by 1.89 and 1.67, respectively. It was assumed that all detected Al or Ti was present in the form of Al 2 O 3 or TiO 2 particles. For determining AF4 recoveries, flow injections of the samples through the AF4 channel (no cross flow) were performed. The AF4 recovery was calculated as the ratio between the area of the fractograms (with cross flow) and the area of the peaks from the flow injections, for which a 100% recovery was assumed. AF4 recoveries were calculated based on fractograms/flow injections recorded with the MALS detector (90 • light scattering signal) and ICP-MS.
Particle Size by spICP-MS
For spICP-MS analysis, fractions from the AF4 eluate were collected directly after the MALS detector (no ICP-MS hyphenation). An iCAP Q ICP-MS (Thermo Fisher Scientific GmbH, Bremen, Germany) was used for single particle analysis. The instrument was equipped with a low-flow concentric nebulizer and a cyclonic, Peltier-cooled spray chamber and operated without cell gas. Typical plasma conditions were 1549 W RF power, 14 L/min plasma gas, 1.04 L/min carrier gas, and 0.79 L/min makeup gas. The "high sensitivity" skimmer cone insert (2.8) was used. For spICP-MS analysis, the collected AF4 fractions were diluted 10 times and the "bulk" sample 10,000 and 20,000 times. For each sample, the signal intensities for 27 Al and 47 Ti were recorded separately for 180 s using a dwell time of 10 ms (18,000 recorded data points). The recorded signal intensity data was plotted versus number of "events", to create a signal distribution histogram using Microsoft Excel (Microsoft, WA, USA). The signal intensity threshold above which events were considered as nanoparticles was determined as mean + 6 times the standard deviation of the (time resolved) signal of the sample preparation blank. Conversion of signal intensity to particle mass was based on determination of the transport efficiency using the "particle size" method and calibration with ionic standards [21] . For determination of transport efficiency, first a calibration curve that related 197 Au signal intensity to particle mass was created using 60 nm reference gold nanoparticles (NIST RM 8013, calculated particle mass 1.8 fg) diluted 10 6 times in ultrapure water. Second, a corresponding calibration curve was constructed by determining the average 197 Au signal intensity for ionic gold standards at 0.5 and 1.0 µg/L. The gold concentration was converted to mass by multiplication with sample flow rate and dwell time. Finally, the transport efficiency was determined by dividing the slope from the calibration curve made from the ionic gold standards by the slope from the calibration curve created from the gold nanoparticles. A calibration curve for converting the recorded 27 Al/ 47 Ti intensities into Al/Ti mass in the particle was constructed from a blank (ultrapure water) and four concentration levels of certified standard solutions of ionic Al and Ti in 0.1% HNO 3 ranging from 0.5 to 10 µg/L. No stable signal was obtained when the ionic standards were prepared in ultrapure water. The ICP-MS signal intensity for each standard solution was acquired by averaging the signal intensity recorded during the 60 s measurement time. Al 2 O 3 /TiO 2 particle masses were calculated by considering the fraction of the analytes Al/Ti in the particle (0.60/0.53). Finally, particle masses were converted to (mass-equivalent) particle diameters by assuming spherical particles with a density of 3.9 g/cm 3 each.
Unless stated otherwise, results based on repeated measurements are given as mean ± one standard deviation. The number of repetitions N is stated in parentheses.
Particle Size and Concentration by Hydrodynamic Chromatography Coupled to ICP-MS (HDC-ICP-MS)
As a complement to AF4, toothpaste samples were also analyzed using HDC-ICP-MS. The samples were measured without further dilution or filtration step at a concentration of 1 mg/L. Size separation was achieved at room temperature using a PL-PSDA type 2 hydrodynamic-chromatography column (separation range: 20-1200 nm, Agilent, Germany) connected to an HPLC system (Agilent 1220, Germany). The eluent was an aqueous solution of 0.5 g/L SDS, 1 g/L Brij L23, and 1 g/L Triton X-100, and 7.46 mg/L penicillamine. The pH was adjusted to 10.12 with NaOH. Previously characterized citrate-stabilized spherical gold nanoparticles with diameters between 30-250 nm were used for size calibration [22] . Citrate-stabilized gold nanoparticles with a diameter of 5 nm were injected one minute after each sample for time marking and as an internal standard. The flow-rate of the eluent was 2.6 mL/min and the injection volume was 30 µL for samples and 5 µL for the internal standard. For determining the recovery rate, all samples were also measured without HDC-column (flow injections). The HDC-column was exchanged by a connection fitting and the samples were eluted at a flow-rate of 2.0 mL/min. The recovery rate was then calculated by dividing the integrated signal with column by the integrated signal without column (assumed to result in 100% recovery).
The ICP-MS detector was a quadrupole ICP-MS XSeries 2 (Thermo Scientific) equipped with a PTFE spray chamber, thermostated with a Peltier cooler and a platinum sample cone. The instrument was tuned before each run using a tuning solution containing P25 TiO 2 nanoparticles, alpha-Al 2 O 3 , and 120 nm SiO 2 particles suspended in the HDC eluent. The isotopes: 47 Ti, 48 Ti, 29 Si, 27 Al, and 197 Au were measured with a dwell time of 100 ms in cell mode (gas: 7% H 2 in He). The chromatograms obtained from the ICP-MS software were produced using a homemade script written for the program R 3.5.0 (RStudio). The retention time of the internal standard was used to calculate the retention factor and the intensities were normalized by the main peak intensity of the corresponding chromatogram. The size distribution modes were determined from the peak retention time after a polynomial smoothing using the software Unichrom [23] .
Results and Discussion
Pre-Characterisation of the Particles Present in the Toothpaste
The ingredient list of the product (Table S1 ) stated that the toothpaste contained alumina (Al 2 O 3 ), hydrated silica (SiO 2 ), and CI 77891 (color index for TiO 2 used as pigment). Characterization of the crystal structure of the particles in the toothpaste by X-ray diffraction was provided by NanoDefine project partners and confirmed the presence of alpha-Al 2 O 3 (corundum, crystallite size of 26 nm) and TiO 2 anatase (crystallite size of 36 nm) particles in the toothpaste [24] . Alpha-Al 2 O 3 is the most common form of Al 2 O 3 and is used as an abrasive agent in certain whitening toothpastes for its superior polishing/abrasive properties [25] [26] [27] . Hydrated silica consists of synthetic amorphous SiO 2 produced by wet synthesis that can contain surface-or pore-bound water and is added to toothpaste as abrasive and binding/thickening agent [16, [27] [28] [29] . Particulate TiO 2 anatase is allowed as a pigment/colorant in cosmetics including toothpaste as CI 77891 [2, 27, 30] . It could be coated with small amounts of Al 2 O 3 , SiO 2 , or both, to improve the technological properties of the product [2, 30] .
The average mass concentrations of Al, Si, and Ti in the toothpaste determined by ICP-MS after HNO 3 and HF digestion were 5.2 ± 1.2, 111.4 ± 3.2 and 5.2 ± 0.4 mg/g, respectively. A higher mass concentration of Al in the toothpaste (~27 mg/g) was obtained after digestion with a mixture of sulphuric and phosphoric acid [personal communication, Anna Undas, RIKILT]. As the correctness of the latter digestion method was proven by spiking experiments with ionic Al (recoveries between 84% and 125%), we used the Al concentration of 27 mg/g for the following calculations. There were no other components containing Al, Si, and Ti in the ingredient list. Therefore, we assumed that most of the elemental Al, Si, and Ti were present as Al 2 O 3 , SiO 2 , and TiO 2 particles, respectively. Considering this, the obtained Al 2 O 3 , SiO 2 , and TiO 2 particles concentrations were 50.8, 238.4, and 9.9 mg/g (5.1, 23.8, and 0.9% w/w), respectively. These values were close to typical mass contents of abrasive agents and pigments found in toothpastes (20-50 and 0.05-0.5% w/w, respectively) [16] . The determined concentrations were suitable for AF4 separation followed by MALS/ICP-MS detection after dilution of the samples. The particle concentration values were used for defining the initial injection mass of Separations 2018, 5, 56 9 of 25 toothpaste (10 µg, which corresponded to injected masses of 0.507, 0.086, and 2.400 ng for Al 2 O 3 , SiO 2 , and TiO 2 , respectively) for AF4 method development.
DLS was used to evaluate size of the particles present in the toothpaste after dispersion in water ( Figure S1 ). The obtained PSD was characterized by a broad peak centered at around 426 nm. The Z ave was 413.8 nm and the PDI was 0.233. These results only allowed to obtain overall information about the particles in the toothpaste, as all three constituent particles (Al 2 O 3 , SiO 2 , TiO 2 ,) contributed to the light scattering signal. The PSD obtained by DLS covered a size range going from 150 nm to 1500 nm, which was suitable for AF4 and HDC fractionation.
Investigation of the Al 2 O 3 , SiO 2 , and TiO 2 particles by STEM-HAADF/EDX showed that all three particle types were present in the toothpaste as large structures of a few hundred nanometers ( Figures S2 and S3 ). This was in agreement with the broad PSD observed by DLS. The measured zeta potential for the toothpaste particles in ultrapure water (pH 5-6) was around zero (2.28 ± 0.41 mV). This indicated that steric stabilization could play a role in stabilizing these particles in water. In fact, the toothpaste formulation included a number of surfactants/dispersants (see ingredient list in Table S1 ). It should be noted that the measured zeta potential is a mean value of all particles and that the constituent particles could have different surface charges. The three particle types present in the toothpaste have a distinct point of zero charge (pzc): The pzc of most commercial alpha-Al 2 O 3 particles is~8-9, with a few exceptions [31] [32] [33] . The pzc of TiO 2 anatase particles is usuallỹ 6-7 [31] [32] [33] , while the pzc for amorphous SiO 2 is normally below 3 [31] . This means that at pH 5-6, the surface charge of the TiO 2 particles should be close to neutral. However, the Al 2 O 3 particles should be positively charged and the SiO 2 particles negatively charged. Some of the surfactants present in the toothpaste may also alter the surface charge of the particles and stabilize them up to a certain degree upon dilution in ultrapure water. Furthermore, heteroaggregates of Al 2 O 3 , TiO 2 , and SiO 2 particles, as observed in Figures S2 and S3 , would have an electrophoretic mobility reflecting the proportion of the different types of particles in aggregates. This could result in a total mean electrophoretic mobility close to zero.
Sample Preparation for AF4
The two tested sample preparation procedures (method 1: two-step dilution with ultrapure water and 0.1% w/w SDS; method 2: chemical oxidation with 30% H 2 O 2 followed by dilution with 0.1% w/w SDS) were first evaluated by visual observation, DLS, and zeta potential measurements. After both procedures, the resulting toothpaste samples could be easily dispersed in 0.1% w/w SDS solution (pH 5-6) by vortex mixing. SDS was selected as dispersing agent because it was suitable for dispersing Al 2 O 3 and TiO 2 particles at pH 5-6, by providing a negative surface charge and allowing particle stabilization by electrostatic repulsion [34] [35] [36] [37] [38] . At those pH values the pristine SiO 2 particles should also be negatively charged (pzc usually below 3, see Section 3.1), thereby allowing electrostatic stabilization of the particles.
The DLS intensity-based PSDs obtained for the toothpaste dispersions prepared by method 1 and method 2 were similar ( Figure S1 ) and characterized by broad peaks centered on 296 nm and 295 nm, respectively. This meant that the chemical oxidation did not cause pronounced changes to the particles (e.g., agglomeration, dissolution). The Z ave (303.2 nm and 307.8 nm for methods 1 and 2, respectively) and PDI (0.190 and 0.202 for methods 1 and 2, respectively) were lower than after dispersion of the toothpaste in ultrapure water (413.8 nm and 0.233, respectively; see Section 3.1). These results indicated that the dispersion of the toothpaste particles was improved in the presence of SDS compared to ultrapure water. The zeta potentials were −38.0 mV and −42.6 mV for methods 1 and 2, respectively (after dilution with 0.1% SDS solution)). In contrast, the zeta potential for the toothpaste particles in ultrapure water was close to zero (2.28 mV, see Section 3.1). These results showed that SDS stabilized the toothpaste particles (or some of them) by coating their surface and providing an overall negative surface charge. The DLS and zeta potential results obtained after method 1 and method 2 were very similar, confirming that the constituent particles were stable after the chemical oxidation treatment.
In order to evaluate the suitability of the two sample approaches for AF4 separation, the corresponding toothpaste dispersions were subjected to preliminary analysis by AF4-LS. In order to stabilize the particles as efficiently as possible in the carrier liquid, it was decided to use initially the highest possible SDS concentration (0.05% w/w SDS/ 1.7 mM) that would still be safely below the critical micelle concentration (7−9 mM depending on pH). A 10 kDa PES membrane was selected based on previous experience. A relatively low initial cross flow of 0.5 mL/min was selected considering the relatively large particle (aggregate) sizes (up to 400 nm for Al 2 O 3 /TiO 2 particles and up to micrometers for SiO 2 particles according to TEM). Dispersions prepared by method 1 or 2 where diluted two times with ultrapure water and a volume of 20 µL injected. This corresponded to the injection of approximately 10 µg of toothpaste or 0.5, 2.4 and 0.1 µg of Al 2 O 3 , SiO 2 , and TiO 2 particles, respectively (based on the concentrations determined by ICP-MS). The injected masses ensured that the concentrations of the less abundant Al 2 O 3 and TiO 2 were sufficient for detection by ICP-MS following separation.
The obtained AF4-LS fractograms are shown in Figure 1 and include rms diameters determined by MALS (gray diamonds and black circles). The AF4-LS fractograms and MALS data provide overall information on the fractionation of all the three particle types (Al 2 O 3 , TiO 2 , and SiO 2 ) present in the samples since all of these contribute to the LS signal. The AF4-LS fractogram obtained for the sample prepared by method 1 (Figure 1 , gray line), showed an unusual elution profile with a flat-topped peak (t r = 30 to 45 min). A minor void peak (0.2% of the main peak area) was observed in the early phase of elution (t r = 0 to 4 min), which could result from a fraction of particles that were not retained during separation and small particles (<30 nm) and hence eluted at the void time t 0 . After t r = 65 min, the cross flow rate was set to 0 mL/min and a larger peak ("release peak", corresponding to 12% of the main peak area) was observed at t r = 66 min, corresponding to the elution of strongly retained toothpaste particles which could not elute during step six of the separation program ( Table 1 ). The AF4-LS fractogram obtained for the sample prepared by method 2 showed a typical elution profile ( Figure 1 , black line) with a peak centered at t r = 32-34 min (main peak) indicating a proper separation of the toothpaste particles. For this sample, there was also a void peak of reduced magnitude (t r = 0 to 4 min, 0.2% of the main peak area). There was, however, a high release peak (t r = 67 min, 23% of the main peak area) due to strongly retained particles.
The MALS data confirmed that the fractionation of the particles was suitable for both samples prepared by method 1 and method 2, with a proportional increase of the rms diameter with retention time (for t r > 15 min). The determined rms diameters were in the interval 150-280 nm, which were in agreement with the hydrodynamic diameters determined by DLS (Z ave of 307.8 nm), considering the theoretical ratio of rms and geometric diameter for a solid sphere of 0.77. The AF4 recovery based on the LS signal was 52% in case of method 1 and 61% for method 2. For further method development, method 2 was preferred over method 1, considering that method 1 resulted in lower recovery and unusual peak shape. The chemical oxidation step present in method 2 and the associated digestion of organic components in the toothpaste were required in order to achieve a typical AF4 fractogram It is likely that some of the organic components (e.g., surfactants, binders) interacted with the AF4 membrane and thus affected the separation process, as observed for method 1. The use of a digestion procedure for degrading the organic matrix has also been required for proper AF4 separation of particles in previous studies, such as Ag in chicken meat (mild enzymatic digestion) [15] , TiO 2 in food and toothpaste (mild chemical oxidation with 30% H 2 O 2 , as used in this study) [8] or SiO 2 in tomato soup (acid digestion with nitric acid and hydrogen peroxide) [10] . In this study, the preliminary experiments with chemical oxidation by 30% H 2 O 2 provided good results. Therefore, it was decided not to test a harsher sample preparation such as acid digestion with concentrated nitric acid. 
Detection Methods
Before optimizing the AF4 method, the suitability of the available detectors was evaluated. Following separation by AF4, signals were recorded on-line with three detection methods: LS, ICP-MS and UV-visible absorption. Typical fractograms recorded using LS and ICP-MS ( 27 Al, 28 Si, and 47 Ti signals, all normalized to internal standard signal 103 
Before optimizing the AF4 method, the suitability of the available detectors was evaluated. Following separation by AF4, signals were recorded on-line with three detection methods: LS, ICP-MS and UV-visible absorption. Typical fractograms recorded using LS and ICP-MS ( 27 Al, 28 Si, and 47 Ti signals, all normalized to internal standard signal 103 Rh) are shown in Figure 2 . 
Before optimizing the AF4 method, the suitability of the available detectors was evaluated. Following separation by AF4, signals were recorded on-line with three detection methods: LS, ICP-MS and UV-visible absorption. Typical fractograms recorded using LS and ICP-MS ( 27 Al, 28 Si, and 47 Ti signals, all normalized to internal standard signal 103 Rh) are shown in Figure 2 . 27 Al, 28 Si, and 47 Ti signals (normalized to the internal standard 103 Rh), respectively. (a), (b), and (d) were obtained from the same AF4 separation. For (c), the sensitivity of the ICP-MS instrument was reduced due to the high background signal at 28 Si. The 27 Al, 47 Ti fractograms obtained for that separation were reproducible but noisier. All AF4 separations were performed on the same membrane. The LS signal was smoothed.
As previously discussed, the obtained LS signal (Figure 2a , black line) provided overall information on the fractionation of all three particle types (Al2O3, SiO2, and TiO2), and thus does not allow determination of their individual size and concentration. Therefore, LS was used as a qualitative method to detect the presence of particles in the toothpaste samples based on their scattering and for evaluating the repeatability of the separations. MALS (Figure 2a, black circles) provided the rms diameter, thus enabling the evaluation of the size separation of the particles in the AF4 channel.
ICP-MS was used for the detection of the isotopes 27 Al, 28 Si, and 47 Ti (Figure 2b-d, respectively) . The corresponding signals were proportional to the Al, Si, and Ti concentration in the eluate, respectively, and thus could be used for the selective detection of Al2O3, SiO2, and TiO2. Any other Al-, Si-, and Ti-containing species (e.g., molecules) could also contribute to the ICP-MS signals. The fractograms obtained for the 27 Al and 47 Ti signals (Figure 2b,d ) both comprised one broad main peak. The 27 Al peak was slightly broader than the 47 Ti peak and had its peak mode at lower retention times (tr = 28-31 min for 27 Al and tr = 36-38 min for 47 Ti). The 27 Al main peak comprised also a small shoulder at tr = 6-10 min, which could be due to a smaller size fraction of Al2O3 particles or Al-containing particles. The 27 Al fractogram showed a clear void peak (16% of the main peak area) in the early phase of elution (tr = 0 to 4 min), which could be due to unretained Al2O3 particles or any other Al-containing material. A void peak (tr = 0 to 4 min) was also observed for the 47 Ti fractogram but of much smaller magnitude (0.4% of the main peak area), showing that there were almost no unretained TiO2 particles. In both 27 Al and 47 Ti fractograms, a large release peak was observed at tr = 36-38 min (25% and 36% of the main peak area, respectively), corresponding to Al-and Ti-containing material/particles (likely Al2O3 and TiO2 particles) that were strongly retained during separation.
The fractogram obtained with the 28 Si signal (Figure 2c) showed no elution peak. The signal displayed high signal spikes especially at tr = 9-25 min. Signal spikes were also visible in the 27 Al and 48 Ti time traces but not to the same extent as for the 28 Si signal. The presence of signal spikes in ICP-MS time-resolved data could most likely be attributed to the ionization of large particles (micrometersized) in the plasma. The occurrence of large SiO2 agglomerates/aggregates with sizes ranging from 300 nm to several micrometers was shown by STEM analysis (Figures S2 and S3) . The elution of micrometer-sized particles at tr = 9-25 min could be explained with steric elution. To confirm the 27 Al, 28 Si, and 47 Ti signals (normalized to the internal standard 103 Rh), respectively. (a,b,d) were obtained from the same AF4 separation. For (c), the sensitivity of the ICP-MS instrument was reduced due to the high background signal at 28 Si. The 27 Al, 47 Ti fractograms obtained for that separation were reproducible but noisier. All AF4 separations were performed on the same membrane. The LS signal was smoothed.
As previously discussed, the obtained LS signal (Figure 2a , black line) provided overall information on the fractionation of all three particle types (Al 2 O 3 , SiO 2 , and TiO 2 ), and thus does not allow determination of their individual size and concentration. Therefore, LS was used as a qualitative method to detect the presence of particles in the toothpaste samples based on their scattering and for evaluating the repeatability of the separations. MALS (Figure 2a, black circles) provided the rms diameter, thus enabling the evaluation of the size separation of the particles in the AF4 channel.
ICP-MS was used for the detection of the isotopes 27 Al, 28 Si, and 47 Ti (Figure 2b-d, respectively) . The corresponding signals were proportional to the Al, Si, and Ti concentration in the eluate, respectively, and thus could be used for the selective detection of Al 2 O 3 , SiO 2 , and TiO 2 . Any other Al-, Si-, and Ti-containing species (e.g., molecules) could also contribute to the ICP-MS signals. The fractograms obtained for the 27 Al and 47 Ti signals (Figure 2b,d ) both comprised one broad main peak. The 27 Al peak was slightly broader than the 47 Ti peak and had its peak mode at lower retention times (t r = 28-31 min for 27 Al and t r = 36-38 min for 47 Ti). The 27 Al main peak comprised also a small shoulder at t r = 6-10 min, which could be due to a smaller size fraction of Al 2 O 3 particles or Al-containing particles. The 27 Al fractogram showed a clear void peak (16% of the main peak area) in the early phase of elution (t r = 0 to 4 min), which could be due to unretained Al 2 O 3 particles or any other Al-containing material. A void peak (t r = 0 to 4 min) was also observed for the 47 Ti fractogram but of much smaller magnitude (0.4% of the main peak area), showing that there were almost no unretained TiO 2 particles. In both 27 Al and 47 Ti fractograms, a large release peak was observed at t r = 36-38 min (25% and 36% of the main peak area, respectively), corresponding to Aland Ti-containing material/particles (likely Al 2 O 3 and TiO 2 particles) that were strongly retained during separation.
The fractogram obtained with the 28 Si signal (Figure 2c) showed no elution peak. The signal displayed high signal spikes especially at t r = 9-25 min. Signal spikes were also visible in the 27 Al and 48 Ti time traces but not to the same extent as for the 28 Si signal. The presence of signal spikes in ICP-MS time-resolved data could most likely be attributed to the ionization of large particles (micrometer-sized) in the plasma. The occurrence of large SiO 2 agglomerates/aggregates with sizes ranging from 300 nm to several micrometers was shown by STEM analysis (Figures S2 and S3) . The elution of micrometer-sized particles at t r = 9-25 min could be explained with steric elution. To confirm the elution of SiO 2 particles at t r = 9-25 min the injected mass of toothpaste was increased by ten times (from 10 µg to 100 µg). This corresponded to an injected SiO 2 mass of 24 µg (instead of initially 2.4 µg). An overlay of the AF4-ICP-MS 28 Si fractograms obtained with these two injected masses is shown in Figure S4 . The 28 Si fractogram obtained for higher SiO 2 injected mass (black line in Figure S4 ), shows a peak with a maximum at t r = 19-22 min with large signal spikes as observed for the lower injected mass value. This finding confirmed the elution of SiO 2 particles and demonstrated that it could be possible to detect the SiO 2 particles in the sample. However, the detection and particle size analysis of the SiO 2 particles by AF4-MALS-ICP-MS would not be straightforward, at least simultaneously with the other particles. The large size of the SiO 2 particles (with a fraction in the micrometer size range), would make it difficult to obtain direct size information by MALS and most likely results in a different elution mode compared to the Al 2 O 3 and TiO 2 particles (steric elution). Therefore, it would require a different AF4 method for separating and analyzing the SiO 2 particles. Additionally, detection of the SiO 2 particles appeared to require a higher injected mass of toothpaste (100 µg), which could result in channel overload. Considering the above, it was decided to focus AF4 method development on the Al 2 O 3 and TiO 2 particles.
With the UV-visible absorbance detector, signals were recorded at three different wavelengths: 250 nm, 400 nm, and 700 nm. For none of the wavelengths, a clear eluting peak was obtained. The absorbance signals were not reproducible and often not distinguishable from the background (results not presented). For these reasons, it was decided to rely on MALS and ICP-MS for further method development.
Carrier Liquid Composition
In order to obtain ideal or at least near-ideal separation conditions where particle fractionation and elution occurs according to AF4 theory, the interactions between particles and membrane need to be reduced. If this is not ensured, the PSD obtained after conversion of retention times to hydrodynamic diameters may be under-or overestimated. These interactions can depend on several parameters, including the surface charge of the particles, the surface charge of the membrane, the carrier liquid composition, ionic strength, and pH. The pH of the prepared SDS solutions (the non-adjusted pH was 5-6) was expected to be in a suitable range for dispersion and stabilization of the toothpaste particles, achieved upon electrostatic stabilization by coating with SDS (Al 2 O 3 and TiO 2 particles) or by negative surface charge (SiO 2 particles). The initial results obtained with 0.05% w/w SDS as carrier liquid were quite satisfactory. As mentioned before, the initial SDS concentration (0.05% w/w) was selected as being the highest possible concentration (still safely below the critical micelle concentration) in order to disperse the particles as efficiently as possible. To evaluate the influence of the concentration of SDS on the separation, a lower concentration of 0.025% w/w SDS was also tested ( Figure S5 ). The results showed that the decrease of SDS concentration led to a decrease in AF4 recovery for both the 27 Al and 47 Ti signals from 16% to 7% and from 89% to 54%, respectively.
The alkaline detergent mix FL-70 was selected for testing because it has been successfully used for AF4 analysis of different types of inorganic particles [39] , including Al 2 O 3 [40] , SiO 2 [9, 10, 41] , and TiO 2 [8, 13, 42] . There were some differences in the AF4-ICP-MS fractograms obtained for toothpaste dispersions in 0.05% w/w SDS (pH 5-6) and 0.025% v/v FL-70 (pH 10.3), mostly for the 27 Al signal ( Figure S6 ). The AF4-ICP-MS fractogram obtained for the 47 Ti signal in 0.025% v/v FL-70 ( Figure S6b , gray line) showed a normal main peak centered at t r = 27-29 min. The 47 Ti peak was sharper than the one obtained in 0.05% v/v SDS (black line) and shifted to a lower retention time (from t r = 36-38 to t r = 27-29 min). On the other hand, the 27 Al fractogram acquired using 0.025% v/v FL-70 as a carrier liquid ( Figure S6a , gray line) was characterized by a significantly lower peak in comparison to 0.05% v/v SDS. Additionally, the background level for 27 Al was much higher in 0.025% FL70, most likely due to the impurity of FL70. It was decided to use SDS for the remaining experiments and for method development.
Membrane Composition
PES and RC were tested and compared as these are the most commonly used membrane materials for AF4 analysis of nanoparticles [39, 43] . For both membrane types, a molecular weight cut-off of 10 kDa was selected to make sure that also small Al 2 O 3 and TiO 2 par were retained during AF4 separation. To evaluate the performance of the two different membrane materials, three independent AF4-ICP-MS measurements (separate days, new membrane used for each measurement) were performed for each membrane type ( Figure S7 and Table S2 ). The 27 Al and 47 Ti fractograms obtained using PES membranes were reproducible in terms of shape, recovery and retention times. On the other hand, the 27 Al and 47 Ti fractograms obtained using the RC membranes were not reproducible. The 47 Ti AF4 recoveries of the RC membrane measurements were in the same range as the ones obtained with the PES membranes. Compared to the PES membranes, it was possible to obtain higher 27 Al AF4 recoveries and much lower void peaks using the RC membranes. This could be related to a stronger electrostatic repulsion of the Al 2 O 3 particles from the membrane. As the PES membranes led to more reproducible measurements than the RC membranes, they were more suitable for obtaining reproducible PSDs. Therefore, the PES membranes were selected for the final method despite the higher 27 Al recoveries obtained with the RC membranes.
Injected Mass
To make sure that the injected particle concentration is low enough to avoid particle interactions caused by AF4 channel overloading, it is recommended to compare retention times and recoveries for sample masses that differ by at least a factor of five [39] . Considering this, the influence of sample load on the AF4 separation was evaluated for injected toothpaste masses of 5, 10, and 25 µg (corresponding to 0.253, 0.507, 1.266 ng Al 2 O 3 and 0.043, 0.086, 0.217 µg TiO 2 ). The 27 Al and 47 Ti AF4-ICP-MS fractograms were similar in terms of elution profile and retention time ( Figure S8 ). The 27 Al and 47 Ti AF4-ICP-MS main peak areas depended linearly on the injected mass in the tested range ( Figure S9) , showing that the separation method could be applied for an injected toothpaste mass of at least up to 25 µg.
Cross Flow Rate Optimization
According to AF4 theory, the retention time of a given elution peak increases with increasing cross flow rate [39] . The adjustment of the cross flow allows optimizing the separation of the particles present in the sample. The cross flow rate was varied between 0.3 and 0.75 mL/min for a constant channel flow rate of 1.0 mL/min and a carrier liquid composition with 0.05% w/w SDS (Figure 3 ). Retention times, peak width of the main peak, and AF4 recoveries are presented in Table 2 . The separation of the void and the main peak was particularly relevant for a successful conversion of the AF4-ICP-MS time trace into a number-based PSD (see Section 3.8). To evaluate the separation from the void peak, the resolution R S was calculated (Table 2) .
For both 27 Al and 47 Ti signals (Figure 3a ,b, and Table 2 ) the retention time of the main peak t r and peak width w were found to increase with increasing cross flow rate, as expected from AF4 theory. The ratio between the t r values (main peak) obtained for the 27 Al signal and the 47 Ti signal was constant in the interval 1.28-1.45, independent of the cross flow. This demonstrated that the effect of the separation force on the main Al and Ti peak was similar. The separation between void and main peak became more pronounced with increasing cross flow rate (Figure 3 ). For the 27 Al and 47 Ti signal, the resolution R S increased to maximum values of 2.5 and 3.1, respectively, at a cross flow rate of 0.5 mL/min (see Table 2 ). R S did not further improve for the highest cross flow of 0.75 mL/min. Separations 2018, 5, x FOR PEER REVIEW 15 of 25 (a) (b) Figure 3 . Influence of cross flow rate on the AF4 fractionation of the toothpaste particles (10 μg injected mass): (a) 27 Al signal, (b) 47 Ti signal. All AF4-ICP-MS measurements were performed on the same membrane. Signal smoothing was applied. 27 With the increase of the cross flow rate, there was also a decrease in AF4 recovery for the main peak (for both 27 Al and 47 Ti signals, see Table 2 ), which could indicate a possible loss of particles to the membrane when submitted to a higher cross flow field force. The AF4 total recoveries (which consider the contribution of the void and release peak in addition to the main peak) did not change considerably between 0.3 and 0.5 mL/min (15-20% for 27 Al and 72-93% for 47 Ti). This could be explained by the simultaneous increase in release peak recovery with cross flow rate, which compensated the lower recovery values determined at the main peak. For a cross flow of 0.75 mL/min, some of the larger particles did not elute within the defined elution time where the cross flow was present (main peak) and only eluted when the cross flow was set to 0 mL/min (release peak).
A cross flow rate of 0.5 mL/min was selected as the optimum cross flow rate as it enabled the best separation between void and main peak , while allowing acceptable AF4 recoveries (18% total recovery and 10% main peak recovery for 27 Al, 72% total recovery and 50% main peak recovery for 47 Ti). The observed differences between the main peak and total recoveries can be attributed to larger particles that eluted in the release peak. The contribution of these large particles is minimal when converting the mass-based PSD (based on AF4-ICP-MS) into a number-based PSD. Therefore, these 27 Al signal, (b) 47 Ti signal. All AF4-ICP-MS measurements were performed on the same membrane. Signal smoothing was applied. Table 2 . Experimental parameters determined for the 27 Al and 47 Ti signals at different cross flow rates (N = 2, where N is the number of repeated measurements). Retention times (t r ), peak width (w), calculated resolution for the void and main peak (R S ), and obtained AF4 recoveries. With the increase of the cross flow rate, there was also a decrease in AF4 recovery for the main peak (for both 27 Al and 47 Ti signals, see Table 2 ), which could indicate a possible loss of particles to the membrane when submitted to a higher cross flow field force. The AF4 total recoveries (which consider the contribution of the void and release peak in addition to the main peak) did not change considerably between 0.3 and 0.5 mL/min (15-20% for 27 Al and 72-93% for 47 Ti). This could be explained by the simultaneous increase in release peak recovery with cross flow rate, which compensated the lower recovery values determined at the main peak. For a cross flow of 0.75 mL/min, some of the larger particles did not elute within the defined elution time where the cross flow was present (main peak) and only eluted when the cross flow was set to 0 mL/min (release peak).
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A cross flow rate of 0.5 mL/min was selected as the optimum cross flow rate as it enabled the best separation between void and main peak, while allowing acceptable AF4 recoveries (18% total recovery and 10% main peak recovery for 27 Al, 72% total recovery and 50% main peak recovery for 47 Ti). The observed differences between the main peak and total recoveries can be attributed to larger particles that eluted in the release peak. The contribution of these large particles is minimal when converting the mass-based PSD (based on AF4-ICP-MS) into a number-based PSD. Therefore, these recovery differences were accepted. The elution time (with a cross flow present) was kept at 60 min to maintain analysis time at a minimum.
To evaluate the final AF4 method, separations of different toothpaste samples on different days and different membranes (N = 7) were performed ( Figure S10 ). The main peak retention times (t r = 25.3 ± 1.8 min for 27 Al and t r = 35.6 ± 1.5 min) and recovery rates (15 ± 2% total recovery and 11 ± 2% main peak recovery for 27 Al, 85 ± 9% total recovery and 63 ± 7% main peak recovery for 47 Ti) were similar with relative standard deviations below 10%. This demonstrated that the developed AF4-ICP-MS method had the potential for reproducible determination of PSD.
Determination of Particle Size Distribution
Following previous studies [10, 18, 44] , we used size calibration with polystyrene size standards for converting the AF4-ICP-MS signals to a mass-based PSD ( Figure S11 ). The calibration procedure was performed using the same AF4 method, including carrier liquid composition, since 0.05% SDS is known to be suitable for AF4 separation of polystyrene size standards [18] . Standards of 51 nm, 100 nm and 203 nm in diameter were selected to cover the relatively broad PSD of the particles in the toothpaste sample and taking into consideration the size information provided by the MALS detector (rms diameters were in the range of 150-300 nm, see Section 3.3).
The determined Al and Ti mass-based PSDs obtained after conversion of retention times into hydrodynamic diameters are presented in Figure 4 . The PSD obtained for Al-containing particles (Figure 4a recovery differences were accepted. The elution time (with a cross flow present) was kept at 60 min to maintain analysis time at a minimum.
To evaluate the final AF4 method, separations of different toothpaste samples on different days and different membranes (N = 7) were performed ( Figure S10 ). The main peak retention times (tr = 25.3 ± 1.8 min for 27 Al and tr = 35.6 ± 1.5 min) and recovery rates (15 ± 2% total recovery and 11 ± 2% main peak recovery for 27 Al, 85 ± 9% total recovery and 63 ± 7% main peak recovery for 47 Ti) were similar with relative standard deviations below 10%. This demonstrated that the developed AF4-ICP-MS method had the potential for reproducible determination of PSD.
The determined Al and Ti mass-based PSDs obtained after conversion of retention times into hydrodynamic diameters are presented in Figure 4 . The PSD obtained for Al-containing particles (Figure 4a For confirmation of the determined PSDs, three approaches were used. The first approach consisted of the direct comparison of the obtained mass-based PSD with the rms diameters from in (a,b), respectively) ). The AF4-ICP-MS retention times were converted to hydrodynamic diameters after AF4 channel calibration with polystyrene size standards. The ratios between rms diameters and hydrodynamic diameters values (d rms /d h ) are shown as white squares.
For confirmation of the determined PSDs, three approaches were used. The first approach consisted of the direct comparison of the obtained mass-based PSD with the rms diameters from MALS. The ratios between rms and hydrodynamic diameters (d rms /d h ) are shown in Figure 4 together with the mass-based PSDs. The d rms /d h ratio is equal to the shape factor which is the ratio of radius of gyration and hydrodynamic radius [45] . The shape factor provides an indication on the shape of the particles and for homogenous spheres the expected shape factor is 0.775. In the lower size range (d h values of 130-250 nm) the shape factor (d rms /d h ratio) was 0.95-1.5, which is higher than the expected shape factor for homogeneous spheres. This positive deviation in shape factor can be explained by the elution of non-spherical particles or platelets [45] . In fact, it was in this elution region (d h values of 130-250 nm) , where most of the Al 2 O 3 particles should elude (peak maximum for Al mass-based PSD). With increase in hydrodynamic diameter d h (and retention time), there was a linear decrease of the shape factor (d rms /d h ratio) from 1.5-1-1 (at d h = 130 nm) to~0.6 (at d h = 470 nm). This progressive drop in shape factor values correlated with the increased elution of TiO 2 particles which are known to be spherical in shape, though forming some agglomerates. With the increased contribution of eluding TiO 2 spherical particles to the light scattering signal (and reduced contribution of the irregularly shaped Al 2 O 3 particles), the shape factor approached the value for homogeneous spheres of 0.775. The decrease below this value to 0.6 could be explained by a slight overestimation of the hydrodynamic diameter.
The comparison with rms diameters did not allow an independent evaluation of the Al and Ti mass-based PSDs, as all particles contributed to the LS signal. Therefore, a second approach was used for size confirmation based on fraction collection after AF4 separation (see Figure 5a ,c) and subsequent analysis of these fractions by spICP-MS. The Al 2 O 3 and TiO 2 number-based PSDs obtained for the fractions collected at different time points and for a sample of "bulk" toothpaste (no separation by AF4, same sample preparation as for AF4) are shown in Figure 5b ,d, respectively. The minimum detectable particle sizes by spICP-MS were 55-65 nm for both particle types. The detailed spICP-MS results are summarized in Table S3 . For the Al 2 O 3 particles, the collected fraction corresponding to the void peak contained the highest number of particles of all fractions (1181) with a broad size range (53 to 340 nm), indicating non-ideal elution of a part of the particles in the sample. Almost no Al-containing particles were detected in fraction F1, corresponding to the peak shoulder in the Al mass-based PSD (AF4), eventually due to the small size of the particles eluting in this fraction (<size LOD). However, no increase in the Al-background signal was observed either. It cannot be excluded that losses of the small particles and ions occurred, e.g., due to the adhesion to tubings. In fractions F2 and F3, corresponding to the mode and the right side of the Al mass-based PSD (AF4), the number of detected particles was 417 and 96 and the median particle diameter 99 and 116 nm. Due to the limited number of detected particles, it was only possible to determine a PSD for fraction F2 (Figure 5b ). The number-based PSD for fraction F2 was narrower than the one determined for the bulk toothpaste, confirming that the separation was efficient. The median particle diameter in fraction F2 (99 nm) was about half of the hydrodynamic diameter (200-208 nm). This could be explained by the structure of the Al 2 O 3 particles, which were present as fractal structures of agglomerates/aggregates. Considering that the hydrodynamic diameters encompass the free space in the fractal structures, it is not surprising that the mass-derived diameter from spICP-MS was significantly smaller.
The better separation behavior of the TiO 2 particles could be confirmed by the spICP-MS measurements of the collected fractions. No particles were detected in the void peak and in fraction F1. The PSDs obtained for fractions F2 and F3 were well defined and presented sharper peaks compared to the bulk toothpaste. Furthermore, there was an increase in the median particle diameter from 152 nm in F2 to and 224 nm in F3. The median particle diameters were 20-25% smaller compared to the hydrodynamic diameters (200-208 nm and 276-284 nm for F2 and F3 respectively). The smaller difference between the median particle diameter values obtained by spICP-MS and hydrodynamic diameters in comparison to the Al 2 O 3 particles could be explained with the smaller agglomerate/aggregate size (with a geometry closer to a sphere) of the TiO 2 particles. In order to confirm the nature of the left part of the main peak for Al, we estimated the size distribution (effective diameter) of the toothpaste particles using a third independent method: HDC-ICP-MS. In HDC, the separation mechanism corresponds to the steric mode in AF4 enabling the determination of the effective diameter of the particles, which may differ from the hydrodynamic diameter dh estimated from the diffusion coefficient obtained using AF4, especially if particles are not spherical [46] . The broadness of the size distribution is slightly overestimated due to peak broadening in the HDC column. This cannot be corrected in our case since the measured particles have an irregular shape [46, 47] . Therefore, we did not attempt to compare PSDs obtained using HDC with PSDs obtained using AF4. Nonetheless, considering the distribution modes, HDC provides a reliable sizing of particles in the size range 20-1200 nm differing in composition and coating and fairly free of matrix effects, albeit the particle shape affects the size estimation, as for any size separation method [48] [49] [50] [51] .
PSDs and recoveries obtained using HDC were similar to the ones obtained with AF4 ( Figure 6 and Table S4 ). The Al-peaks modes were 179 and 148 nm for the sample digested following method 1 and 2, respectively. The corresponding Ti-peaks modes were 248 and 238 nm. The modes were In order to confirm the nature of the left part of the main peak for Al, we estimated the size distribution (effective diameter) of the toothpaste particles using a third independent method: HDC-ICP-MS. In HDC, the separation mechanism corresponds to the steric mode in AF4 enabling the determination of the effective diameter of the particles, which may differ from the hydrodynamic diameter d h estimated from the diffusion coefficient obtained using AF4, especially if particles are not spherical [46] . The broadness of the size distribution is slightly overestimated due to peak broadening in the HDC column. This cannot be corrected in our case since the measured particles have an irregular shape [46, 47] . Therefore, we did not attempt to compare PSDs obtained using HDC with PSDs obtained using AF4. Nonetheless, considering the distribution modes, HDC provides a reliable sizing of particles in the size range 20-1200 nm differing in composition and coating and fairly free of matrix effects, albeit the particle shape affects the size estimation, as for any size separation method [48] [49] [50] [51] .
PSDs and recoveries obtained using HDC were similar to the ones obtained with AF4 ( Figure 6 and Table S4 ). The Al-peaks modes were 179 and 148 nm for the sample digested following method 1 and 2, respectively. The corresponding Ti-peaks modes were 248 and 238 nm. The modes were slightly lower than the ones obtained by AF4 measurements (200 and 290 nm for Al and Ti, respectively). Furthermore, the HDC-ICP-MS chromatograms for Al confirmed the presence of a peak shoulder ( Figure S12 ). This shoulder was less visible in the mass-based PSDs because it was outside of the calibrated size range (Figure 6 , blue arrows). Figure S12 ). This shoulder was less visible in the mass-based PSDs because it was outside of the calibrated size range ( Figure 6 , blue arrows). Finally, the mass-based PSDs obtained by AF4-ICP-MS were converted to number-based PSDs. Prior to mathematical conversion, the mass-based PSDs were fitted with Gaussian or log-normal functions. These two functions were selected because they are typically used as models for describing the PSDs of particle populations [52] . The Al mass-based PSD was only fitted in the size range 140-550 nm in order to exclude the peak shoulder present at 50-100 nm (as it could not be confirmed that this were in deed particles). Both Gaussian and log-normal functions were found to be appropriate to fit the Al mass-based PSD ( Figure S13 ), although the Gaussian fit was more similar to the experimental mass-based PSD. The Ti mass-based PSD could also be fitted correctly using the Gaussian function. The log-normal fitted curve deviated more from the experimental mass-based PSD.
As mentioned earlier the mathematical conversion from mass-based to number-based PSD is prone to introduce uncertainties in the lower side of the PSD (especially from 20 nm and down). Ideally, baseline separation between void and main peak is achieved. For the log-normal fitted data, baseline separation was obtained. In the other cases (experimental data and Gaussian fits), it was necessary to establish a cut-off value of around 60 nm. No data below the size cut-off was considered for conversion. The obtained number-based PSDs for Al2O3 and for TiO2 particles are shown in Figure  7 together with the PSD determined by spICP-MS analysis of the bulk toothpaste. The D50 value is defined by the particle size value at a cumulative fraction value of 50%. For the TiO2 particles, the D50 value was clearly above 100 nm in all the data sets, indicating that the TiO2 in the toothpaste is not a nanomaterial according to the EU definition. This was in agreement with the D50 values obtained by spICP-MS for the bulk toothpaste (136/143 nm). For Al2O3 the D50 values were closer to the 100 nm threshold. For the original experimental data, which considered the presence of the peak shoulder (50-100 nm) in the mass-based PSD, the D50 value was 92 nm. This would result in the classification of Al2O3 as a nanomaterial according to the EU definition. For the PSDs resulting from the Gaussian and log-normal fit, where the peak shoulder was partly or completely dismissed, the D50 values were 112 nm and 156 nm, respectively. These values were closer to the D50 value of 113 and 121 nm retrieved from the spICP-MS analysis of the bulk toothpaste, which however was not able to detect particles below 55-60 nm. Our data clearly demonstrates that the presence of small particles in the 0-50 nm region can influence tremendously the D50 value and thus the classification of a material as nanomaterial according to the definition. Finally, the mass-based PSDs obtained by AF4-ICP-MS were converted to number-based PSDs. Prior to mathematical conversion, the mass-based PSDs were fitted with Gaussian or log-normal functions. These two functions were selected because they are typically used as models for describing the PSDs of particle populations [52] . The Al mass-based PSD was only fitted in the size range 140-550 nm in order to exclude the peak shoulder present at 50-100 nm (as it could not be confirmed that this were in deed particles). Both Gaussian and log-normal functions were found to be appropriate to fit the Al mass-based PSD ( Figure S13 ), although the Gaussian fit was more similar to the experimental mass-based PSD. The Ti mass-based PSD could also be fitted correctly using the Gaussian function. The log-normal fitted curve deviated more from the experimental mass-based PSD.
As mentioned earlier the mathematical conversion from mass-based to number-based PSD is prone to introduce uncertainties in the lower side of the PSD (especially from 20 nm and down). Ideally, baseline separation between void and main peak is achieved. For the log-normal fitted data, baseline separation was obtained. In the other cases (experimental data and Gaussian fits), it was necessary to establish a cut-off value of around 60 nm. No data below the size cut-off was considered for conversion. The obtained number-based PSDs for Al 2 O 3 and for TiO 2 particles are shown in Figure 7 together with the PSD determined by spICP-MS analysis of the bulk toothpaste. The D50 value is defined by the particle size value at a cumulative fraction value of 50%. For the TiO 2 particles, the D50 value was clearly above 100 nm in all the data sets, indicating that the TiO 2 in the toothpaste is not a nanomaterial according to the EU definition. This was in agreement with the D50 values obtained by spICP-MS for the bulk toothpaste (136/143 nm). For Al 2 O 3 the D50 values were closer to the 100 nm threshold. For the original experimental data, which considered the presence of the peak shoulder (50-100 nm) in the mass-based PSD, the D50 value was 92 nm. This would result in the classification of Al 2 O 3 as a nanomaterial according to the EU definition. For the PSDs resulting from the Gaussian and log-normal fit, where the peak shoulder was partly or completely dismissed, the D50 values were 112 nm and 156 nm, respectively. These values were closer to the D50 value of 113 and 121 nm retrieved from the spICP-MS analysis of the bulk toothpaste, which however was not able to detect particles below 55-60 nm. Our data clearly demonstrates that the presence of small particles in the 0-50 nm region can influence tremendously the D50 value and thus the classification of a material as nanomaterial according to the definition. 
Summary and Conclusions
AF4 coupled to MALS and ICP-MS was found to be a useful technique for the characterization of particles of different composition in a complex sample such as toothpaste. Al2O3 and TiO2 particles could be reproducibly separated and their mass concentration and size determined. The analysis of the Al2O3 particles was challenged by the presence of a peak shoulder in the Al fractograms. It was not possible to directly confirm the presence of particles in this peak by spICP-MS or HDC-ICP-MS. This could lead to incorrect Al2O3 number-based PSDs upon direct mathematical conversion. The obtained recoveries for Al2O3 were relatively low for both AF4-and HDC-ICP-MS and were probably related to the large size of the Al2O3 particle aggregates. A decrease in recovery with increase in particle size in AF4 has been described previously and was explained with the tendency of larger particles to accumulate closest to the membrane, thus being more prone to interactions [43] .
One major challenge for developing the AF4-ICP-MS method was that the pristine particles were not available. This made it difficult to select suitable parameters for the separation, as it was not possible to develop an initial AF4 method for the pristine particles knowing their physico-chemical 
AF4 coupled to MALS and ICP-MS was found to be a useful technique for the characterization of particles of different composition in a complex sample such as toothpaste. Al 2 O 3 and TiO 2 particles could be reproducibly separated and their mass concentration and size determined. The analysis of the Al 2 O 3 particles was challenged by the presence of a peak shoulder in the Al fractograms. It was not possible to directly confirm the presence of particles in this peak by spICP-MS or HDC-ICP-MS. This could lead to incorrect Al 2 O 3 number-based PSDs upon direct mathematical conversion. The obtained recoveries for Al 2 O 3 were relatively low for both AF4-and HDC-ICP-MS and were probably related to the large size of the Al 2 O 3 particle aggregates. A decrease in recovery with increase in particle size in AF4 has been described previously and was explained with the tendency of larger particles to accumulate closest to the membrane, thus being more prone to interactions [43] .
One major challenge for developing the AF4-ICP-MS method was that the pristine particles were not available. This made it difficult to select suitable parameters for the separation, as it was not possible to develop an initial AF4 method for the pristine particles knowing their physico-chemical characteristics, as done in other studies [10, 15] . The approach described in this study is, however, closer to the real world scenario where control laboratories would have to check for correct labelling of particles present in a certain consumer product from the market. In such case, the constituent particles would not be available either. To compensate for the lack of (pristine) reference particles, pre-characterization studies were performed to obtain characteristics such as particle concentration, crystal structure, overall particle size and surface charge as well as agglomeration state. Based on this information, initial AF4 parameters could be established and thereafter optimized.
Another challenge was the verification of the determined particle sizes. In this study it was not possible to compare the obtained AF4 fractograms with the ones of the pristine particles and thereby excluding sample preparation-induced changes and verifying the correct size fractionation during method development as described in other studies in the literature [10, 15] . Direct particle size determination by MALS was important during method development to show the correct separation of the toothpaste particles. Finally, it was crucial to validate the obtained PSDs for the individual particles by a secondary confirmatory method such as spICP-MS and HDC-ICP-MS.
The final challenge was the mathematical conversion from mass-based to number-based PSD. Given the resolution of the AF4 technique, it should be possible to obtain number-based PSDs with sizes down to 10-20 nm. However, in this study it was only possible to obtain number-based PSDs down to a 60 nm due to the required cut-off values for conversion. This minimum size was similar to the minimum particle sizes detected by spICP-MS. Most likely, it would be possible to achieve a lower cut-off value for the TiO 2 particles by using a higher cross flow rate but this would imply a considerable decrease in AF4 recovery. In polydisperse samples (containing particles from a few to several hundred of nanometers), it is difficult to evaluate the whole PSD in a single AF4-ICP-MS measurement. An alternative would be to have two different separation programs as suggested in [53] : one with a higher cross-flow regime to separate the smaller particles and another with a low cross flow regime to provide a complete analysis of larger particles.
Our study showed that AF4-ICP-MS is not an ideal method for determining the number-based PSD, especially in complex and polydisperse samples. Nevertheless, it can be very helpful for understanding complex samples and for obtaining reliable mass-based PSD. Obtaining number-based PSDs in toothpaste containing three types of particles is expected to be difficult for other techniques such as TEM as well due to the complexity of the sample. However, it needs to be highlighted that TEM remains the only technique that can distinguish primary particles and particle aggregates. An interesting question is if a method developed for a certain particle type (e.g., TiO 2 ) would be applicable in similar matrices. This is expected to be challenging considering that the surface properties of the particles vary from product to product (e.g., different surface coatings/surface charges of TiO 2 particles). The next step to address this will be to test the developed methodology for analyzing particles in different toothpastes.
Supplementary Materials: The following are available online at http://www.mdpi.com/2297-8739/5/4/56/s1, Table S1 . Chemical composition of the tested toothpaste as labelled in the acquired products. The function of each ingredient is described. Figure S1 . Intensity-based PSD obtained by DLS measurements of toothpaste dispersions (1 mg toothpaste/mL) in ultrapure water (dashed line), prepared by a two-step dilution in 0.1% w/w SDS (sample preparation method 1, gray line) and chemical oxidation with 30% H 2 O 2 followed by dilution in 0.1% w/w SDS (sample preparation method 1, black line). Figure S4 . AF4-ICP-MS 28 Si fractograms obtained for 10 µg and 100 µg injected toothpaste mass values (corresponding to 2.4 and 24 µg of injected SiO 2 , respectively). The AF4-ICP-MS measurements were
